Abstract: This is a totally artificial abstract and has no relation to the reality, whatsoever. The arrow of time is one of the great mysteries in elementary particle physics. While the arrow of time is well defined and experimentally confirmed in the macrocosm, there was no experimental evidence for time-reversal violation in the subatomic world till recently. The CPLEAR experiment at CERN has tested the timereversal invariance in the neutral kaon system with high precision. An asymmetry betweenK 0 → K 0 and K 0 →K 0 rates was observed leading to the first experimental observation of T violation in the microcosm. Within the experimental accuracy the amount of T violation was found to be equal to the amount of CP violation and is in agreement with CPT invariance.
Introduction
The concept of time and its implications in physics and cosmology are discussed in many textbooks. A "brief history of time" has been told in a book by S. Hawking [1] and his basic ideas on the arrow of time are briefly summarized here as an introduction.
Everyday experience tells us that it is impossible to travel backwards in time. This fact led to at least three different definitions of the arrow of time in the macrocosm. Currently most physicists associate the irreversibility of time with the production of entropy or disorder in the warm macroscopic world. The consequence of this irreversibility is often called the thermodynamic arrow of time which points towards the direction in which entropy increases. Then, there is the psychological arrow of time, the direction in which we feel time passes. This definition is connected to the fact that human beings remember the past but not the future. Finally, we have the cosmological arrow of time. This is the direction of time in which the Universe is expanding. All the three arrows of time point in the same direction. One can argue that the psychological arrow of time is determined by the thermodynamic arrow. Thus, the two definitions are not independent and they necessarily point to the same direction. However, thermodynamic and cosmological arrows of time are well defined. They point in the same direction although it may not be so for the whole history of our Universe.
Although there is a big difference between the forward and backward directions of time in ordinary life, the fundamental classical laws of physics discovered by Galilei, Newton and Einstein do not distinguish between the past and the future. In other words, they appear to be symmetric in time. Thus, one might expect that the thermodynamic arrow of time would be absent in the cold microcosm of elementary particles. Therefore, understanding the nature of time-reversal symmetry and its violation appears essential for a full understanding of the concept of time.
Where to search for time asymmetric processes in the microcosm? To the present knowledge, we are living in a CPT conserving world. On the other hand, CP violation in weak interactions was discovered almost 40 years ago. As a consequence we expect weak processes to be time asymmetric.
Historical overview of experimental efforts

Indirect experimental tests of time-reversal invariance
In order for particles to have electric dipole moments (EDM) 1 , the forces concerned in their structure must violate both space parity (P) and timereversal (T) symmetries [2] . There are many competing theories that attempt to predict the electric dipole moment of elementary particles. Experimental measurements of particle EDMs are providing strong constraints on these theories. The most sensitive are probably the searches for an EDM of the neutron and the electron. Present limits on EDM for [3] neutron |d n | < 6.3 · 10 −26 ecm and for [4] electron |d e | = (0.07±0.07) · 10 −26 ecm are not precise enough to give an answer on possible time-reversal violation.
An indirect demonstration of the time-reversal violation was made by Schubert et al. in 1970 at CERN using data on the decay of long-and shortlived kaons into two neutral pions. Their result ( ) = (1.68±0.3) · 10 −3 was obtained by assuming unitarity. In other words the authors assumed that those kaons that disappeared had decayed into observable states. More details on the analysis can be found elsewhere [5] .
A few years ago, the KTeV Collaboration reported results [6] from an experimental study of rare decays of neutral kaons into electron-positron and charged-pion pairs. A T-odd asymmetry was detected through a large asymmetry in the angular distribution between the decay planes of the e + e − and π + π − pairs. Since incoming and outgoing states are not exchanged in KTeV experiment, it can not provide direct evidence for timereversal violation. However, the rich structure of the measured decay mode may provide new opportunities for the study of novel CP-and Tviolation effects.
Direct experimental tests of time-reversal invariance
In late sixties, there were some attempts to test the time-reversal invariance through experimental verification of the principle of detailed balance in nuclear reactions. Experiments were comparing the probabilities for reactions to occur in forward and time reversed direction (see for example reference [7] ). Those experiments were very difficult. They have to measure two different reactions in two separate experiments with different systematics. In addition, they have to deal with different phase space. All these and the limitations of experimental techniques available led to poor accuracy and to too low sensitivity to possibly detect the time-reversal violation.
The neutral-kaon system proved to be a unique experimental environment to directly test discrete symmetries. Up to recently, it was the only system in nature where the violation of CP symmetry has been observed. In addition, experimental observation of interference effects allows direct measurements of T violation and CPT tests with a precision unachievable in other systems. Following an original proposal of Kabir [8] and Aharony [9] , a direct evidence for T violation can be obtained by comparing the transformation rates ofK 0 to K 0 and K 0 toK 0 which are two T-conjugate processes. The idea was elaborated in eighties by Tanner and Dalitz [10] when a symmetric production of K 0 andK 0 became possible at LEAR accelerator at CERN. This test was later performed by CPLEAR Collaboration at CERN and will be reported in more details in the present article.
CPLEAR experiment at CERN Method
Since weak interactions do not conserve strangeness, a K 0 meson can transform into aK 0 and vice versa. Time-reversal invariance would require all details of the second process to be deducible from the first. In particular, the probability (P) that a K 0 at t = 0 is observed as aK 0 at time τ should be equal to the probability that aK 0 at t = 0 is observed as a K 0 at the same time τ [8] . Any difference between this two probabilities is a signal for T violation and can be measured through time-reversal asymmetry
Experimentally this requires knowledge of the strangeness of the neutral kaon at its production and decay. The initial strangeness of the neutral kaon is tagged by the charge of the accompanying charged kaon at the production time. To tag the strangeness of the kaon at the decay time, semileptonic decays K 0 → e + π − ν andK 0 → e − π +ν are used. A measured positive lepton charge is associated to a K 0 and negative lepton charge to ā K 0 . Details are shown in Fig. 1 . There are four measurable decay rates R, labelled by the initial kaon strangeness and the final electron charge
The decay amplitudes are parametrized with quantities which have well defined symmetry properties under T, CP and CPT symmetries,
where denotes an electron or a muon and T the decay transition matrix. The asymmetry represents a direct test of T reversal through detailed balance [8] .
Apparatus
In the CPLEAR experiment, initial K 0 andK 0 are produced concurrently via the annihilations of antiprotons at rest into
Both reactions occur at a branching ratio of ≈ 2 · 10 −3 . The antiprotons are delivered by the low-energy antiproton ring LEAR at CERN and are stopped in a gaseous hydrogen target in the centre of the CPLEAR detector. The tagging of opposite strangeness states at production time maximizes the interference effects to be observed in K 0 ,K 0 decays. The experimental apparatus is shown in Fig. 2 . Ten chamber layers (2 Proportional Chambers, 6 Drift Chambers, 2 Streamer Tubes) are used to trace charged particles resulting from annihilation and neutralkaon decays. A 32-segment sandwich of scintillator-Cherenkov-scintillator detectors provided particle identification (kaons/pions/electrons). Pho- tons were detected by an 18-layer fine-grain streamer tube/lead sampling calorimeter. Signals from all detectors were processed in a multilevel trigger, providing a rejection factor of over 1000 and allowing the detector to operate at ap rate of 1 MHz. The material in the decay region up to the streamer tubes was minimized by using a gas target with mylar-kevlar walls and innovative low-mass chamber construction, thus reducing regeneration effects of neutral kaons. In 1995 a proportional chamber was added at 1.7 cm radius to improve the trigger and tracking capabilities. A more detailed description of the detector performance can be found elsewhere [12] In total, about 100 million K 0 andK 0 decays were reconstructed. The results presented refer to the analysis of the complete data-set of 70
, extracted from about 50 000 data tapes with 100 000 events each.
Analysis
The time-reversal invariance was studied in the semileptonic decay channel of the neutral kaons. The desiredp p annihilations followed by the decay of the neutral kaon into eπν were first selected by requiring that the events had four charged tracks and zero total charge, and by identifying one of the decay tracks as that of an electron or a positron. The lepton identification was performed by a neural network algorithm making use of energy loss and time of flight in the scintillators and number of electrons in the Cherenkov detector. To further reduce the background, kinematically constrained fits were used. A total of 1.3 · 10 6 eπν events, with decay times τ > 1 τ S survived the above criteria.The signal to background ratios for the different background channels as a function of the decay time were obtained by a Monte Carlo simulation. There is an excellent agreement between real and simulated data as can be seen in Fig. 3 .
A conservative estimate of 10% uncertainty was used for the systematic errors on the background levels. Regeneration was corrected using the amplitudes measured by CPLEAR [11] on an event-by-event basis.
Measurement of the asymmetry A T from Eq. (2) requires knowledge of the strangeness of the neutral kaon at its production an decay. The K 0 andK 0 tagging efficiencies differ since the interactions of their tagging particles in the detector materials are different (CPLEAR detector was not made of equal parts of matter and antimatter). The efficiency correction for the initial strangeness tag is parametrized by the efficiency ratio ξ = (K + ß − )/ffl(K − ß + ) while the correction for the relative detection efficiency of e + π − versus e − π + is applied through η = (π + e − )/ (π − e + ). With the measured number of events N corrected for η and ξ, the timereversal asymmetry from Eq. (2) reads
Calibration data were used to obtain η in bins of (p e , p ß ). Its average value was η = 1.014±0.002. The parameter ξ was taken from π + π − de- cays through α 2π = [1 + 4 ( T − δ)]ξ, where α 2π is obtained by using the measured (unweighted) number of K 0 ,K 0 → π + π − decays in the decaytime interval 1-4 τ S , as described in details in [13] . External information on ( T − δ CPT ) was taken from the semileptonic charge asymmetry [14] 
which is equal to 2 ( T − δ CPT ) in the limit of CPT symmetry in decay amplitude, and an event-by-event correction was applied according to primary pair kinematics. The average value of ξ is ξ = 1.12023±0.00043.
Results
The experimental asymmetry obtained from the complete CPLEAR dataset is shown in Fig. 4 . The data points scatter around a positive and constant offset from zero, representing a surplus ofK 0 → K 0 transitions. Its average value
represents the first direct measurement of time-reversal violation. Details of the analysis and a full description of systematic errors are given elsewhere [15] .
To clarify the eventual influence of ∆Q = ∆S or CPT-violating transitions one has to consider the phenomenological expression for
In the long lifetime limit the expression for A exp T reads
where parameter y describes CPT violation in semileptonic decays while x − is a CPT and ∆S = ∆Q rule violating parameter.
With the transition α 2π → ξ using δ , an additional term −4 (y + x − ) entered into A exp T leading to the possibility that the observed asymmetry might be a consequence of CPT or both T and CPT violation. This CPT violating term can be determined by using the Bell-Steinberger relation which relates all decay channels of neutral kaons to the parameters describing T and CPT non-invariance. By using data from the CPLEAR experiment, together with the most recent world averages for some of the neutral-kaon parameters and the Bell-Steinberger relation CPLEAR has determined [16] 
This result, based on the sole assumption of unitarity, confirms the interpretation of A exp T as the first direct measurement of time-reversal violation.
Discussion
The CPLEAR result on time-reversal violation triggered a vivid scientific discussion. Criticism of the CPLEAR interpretation of A exp T result (see for example [17] ) was confronted with arguments in favor of their interpretation (see for example [18] , [19] ). Our main arguments that CPLEAR did directly measure the time-reversal non-invariance are as follows:
• CPLEAR has independently tested CPT invariance. Their free of assumption result on CPT violating parameter δ CPT is (δ CPT ) = (3.0±3.3 stat ± 0.6 syst ) · 10 −4 which is compatible with zero with an accuracy of the order of 10 −4 . In absence of a CPT violating theory we can expect (y) to be equal or smaller of δ CPT .
• parameter x − , as a CPT and ∆S = ∆Q rule violating parameter, is expected to be even much smaller than y.
Other CPLEAR experimental data, constraining possible violations of CPT and ∆S = ∆Q rule, exclude the possibility that the semileptonic-decay asymmetry A T could be solely due to CPT violation. Together with arguments from paper by L. Alvarez-Gaumé et al. [19] we confirm that CPLEAR experiment constitute direct evidence for time-reversal violation without any assumption on unitarity and CPT violation. 
Conclusion
The CPLEAR experiment has directly measured for the first time the violation of time-reversal invariance in the neutral-kaon system. Within the experimental accuracy, the amount of T violation is found to be equal to the amount of CP violation observed in the neutral-kaon system and is consistent with CPT conservation.
Our results show that transformation of anti-matter to matter is slightly more probable than the reverse process. This represents the first measurement of irreversibility of a process in the microcosm. In other words, it means that laws of physics are not symmetric with respect to time-reversal. However, this discovery does not tell us if entropy is produced in the microcosm. Increase of entropy would require CPT violation and probably evidence of new fundamental interactions in nature. Nevertheless, the discovery of the violation of time-reversal invariance might have far-reaching consequences for our understanding of the cosmos and the concept of time.
